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Abstract 
This paper investigates the influences of the 
lateral resistances in photovoltaic (PV) devices, 
and proposes a method for extracting local 
electrical parameters of thin-film PV devices 
based on a 2-D spatially-resolved model 
utilising electroluminescence (EL) images and 
2-D fittings. PV-oriented nodal analysis 
(PVONA) is used for studying the electrical 
properties of the devices and for simulations in 
iterative 2-D fitting processes. It is shown that 
the effects of the lateral resistances should not 
be simply replaced by lumped effective 
resistances. The proposed new method 
employs firstly the dark-I-V fitting for the 
junction parameters; and secondly 2-D fitting 
of EL images taken under varying bias levels, 
for the internal and lateral series resistances. 
The method is verified by a case study and 
demonstrates excellent agreements with 
measurement data. 
1. Introduction 
A photovoltaic (PV) cell is commonly 
considered as a flat diode with a large area. 
Hence the conventional lumped modelling and 
characterisation techniques are insufficient to 
describe the performance of PV devices, 
especially in the presence of inhomogeneities. 
Advanced modelling and characterisation 
techniques have been developed to detect and 
describe inhomogeneities in PV cells in a 
spatially-resolved manner, i.e. considering the 
spatial variations in the devices. 
Common spatially-resolved characterisation 
techniques can be categorised into scanning 
e.g. light/laser beam induced current (LBIC) [1] 
and imaging e.g. electroluminescence (EL) [2], 
photoluminescence (PL) [3] and lock-in 
thermography (LIT) [4]. Luminescence imaging 
techniques are considered to be more efficient 
than scanning techniques and thermography 
due to the shorter operation time and the 
easier and more cost-effective setup. However, 
the qualitative nature limits them to fully 
reconstruct the behaviour of the devices tested. 
Studies on imaging techniques for quantitative 
interpretation have been reported in recent 
years. For example, Hinken et al. [5] proposed 
a method that uses differential EL images with 
respect to the applied voltage to yield the 
effective series resistance map. The method 
given by Kampwerth et al. [6] utilised an EL 
image and a PL image obtained under two 
different operating points but with the same 
luminescence intensities to map the effective 
series resistances. Breitenstein et al. [7] 
introduced iterative algorithms to fit the local 
series resistances and the dark saturation 
current from EL images take at two biases. 
Shen et al. [8] developed a PL-based 
parameter extraction method that utilizes at 
least 5 PL images taken under different 
conditions to derive an abundant set of 
localised parameters of the double-diode 
model. 
However, none of these approaches can 
provide full parameter sets for the 2-D model 
as presented in [9, 10]. One of the major 
differences is that these methods use the 
“effective series resistance” (Rs
*
) to represent 
the localised resistive effects in the devices, in 
which the internal (e.g. the resistance in the 
junction) and the external (e.g. the lateral 
resistance in the contact schemes) resistances 
are mixed. The use of Rs
*
 simplifies the 
theoretical analyses for building up links 
between a 2-D model and measurement 
results i.e. images. However, the validity of 
using Rs
* 
in 2-D modelling has not been fully 
proven. 
In this paper, the effects of the lateral 
resistances and the validity of the Rs
*
 are 
investigated through 2-D modelling and 
simulations. A new iterative method for 
extracting the full parameter set of the 2-D 
spatially-resolved model (SRM) for thin-film PV 
devices is presented with a case study.  
2. Effects of lateral resistances 
The variations of the lateral resistance (R∎) are 
large for different types of PV materials. For 
example, the R∎ for the transparent 
conducting oxide (TCO) layer of a thin-film 
device is normally in the range 5-20Ω/⧠, while 
for the emitter layer of a c-Si device, it can be 
around 80-100Ω/⧠. To investigate the effects 
of varying R∎ on these two types of PV 
devices, PVONA-based simulations are setup 
to simulate a c-Si cell with 3 fingers and a thin-
film 3-cell module. 
The varying R∎ values demonstrate immediate 
impacts on the overall I-V characteristics in Fig. 
1(a) and Fig. 2(a) by resulting in different 
global series resistance (Rs) effects i.e. the 
variations in the knee areas. The voltage and 
current maps reveal the lateral variations in the 
cells. For better demonstration, line-plots along 
the width of the devices are used. The cells 
are configured to operate at specified testing 
voltages (Vtest) as marked on the I-V curves. 
For the c-Si cell, in Fig. 1(b) and Fig. 1(c), the 
voltage profile clearly show that, unsurprisingly, 
the largest R∎ (120Ω/⧠) produces the highest 
peak voltages, and thus the most distinct 
lateral variations i.e. voltage drops in the areas 
between the fingers. This is due to the fact that 
a higher R∎ can result in greater lateral voltage 
drops so that the voltage across the metal grid 
retains Vtest. Correspondingly, a higher local 
voltage results in a lower operating current, 
according to the local I-V characteristics. 
Compared to c-Si devices, thin-film products 
are more sensitive to lateral resistive losses 
because the current needs to flow through the 
full width of the cell (normally around 1cm 
width), while the distance between two fingers 
in a c-Si cell is normally only a few millimetres. 
The line-plots across the width of the modules 
(3 cells) are shown in Fig. 2(b) and Fig. 2(c) 
clearly reveal the patterns of the voltage drops 
due to the increasing R∎ and the 
corresponding changes of the local current 
distributions. A gradient is evident in both 
voltage and current profiles. This also explains 
the reason why the EL images of thin-film 
devices always show the gradient along the 
width of each cell. 
 
(a) 
  
(b) (c) 
Fig. 1. (a). Simulated I-V curves of the 3 virtual c-Si 
cells with varying R∎ values; (b) and (c). Line-plots 
show the voltage and current profiles of the 3 cells 
operating at Vtest. 
 
(a) 
  
(b) (c) 
Fig. 2. (a). Simulated I-V curves of the 3 3-cell thin-
film modules with varying R∎ values; (b) and (c). 
Line-plots show the voltage and current profiles of 
the 3 modules operating at Vtest. 
3. Effective series resistance 
The consideration of R∎ distinguishes the 
SRMs. The utilisation of the resistor networks 
for the front and back contact schemes builds 
up connections between the sub-cells through 
the lateral current flows and lateral voltage 
drops. But at the same time, it complicates the 
characterisation by introducing a variable R∎ 
which is implicit and is coupled with respect to 
the global resistive effects. Monokroussos et al. 
[11] proposed an initial study on the influences 
of the R∎ with respect to the width of cells 
using a 1-D distributed model. 
To date, there have been a number of EL-
based Rs extraction methods published. Many 
of them are based on the effective series 
resistance (Rs
*
), as illustrated in Fig. 3. 
Specifically, for a location r = (x, y), the local 
Rs
*
 is defined by  
  
     
           
    
 (1) 
where Vterm is the terminal voltage; Vj(r) is the 
local junction voltage and I(r) is the local 
operating current. The Rs
*
 includes the effects 
of both the internal (vertical) Rs
i
 in the bulk of 
the cell and the lateral R∎ in the contact 
schemes.  
 
Fig. 3. 1-D model shows the definition of the local 
effective series resistances. 
However, this simplification can introduce 
uncertainties and thus misinterpretation of the 
local Rs effects, especially when there are 
local defects e.g. shunts. Fig. 4 shows 
simulated junction voltage maps (Vterm = 1.0V) 
and the changes of local Rs
*
 with respect to 
Vterm of a thin-film cell with a 60×15 SRM. It 
suggests that Rs
*
 is nonlinear and voltage-
dependent, although it shows linearity at the 
lower voltage range. When a local shunt is 
introduced e.g. at location (30, 7), the 
nonlinearity effect becomes more significant. 
Moreover, the linearity remains in the lower 
voltage range, but the calculated results of 
effective series resistance do not show a 
match with those obtained in the non-shunted 
case.  
This is mainly because Vj(r) and I(r) in Eqn. (1) 
hold a nonlinear relationship, i.e. the diode 
equation, where the conductivity of the diode 
increases exponentially along with the local 
voltage. The local shunt becomes a current 
sink and extracts current from the surrounding 
area [Fig. 4(c)] through R∎. This implicitly 
changes the local operating points in the 
affected area and therefore brings severer 
uncertainties. These mean that the use of the 
Rs
*
 can result in misinterpretation of 2-D 
behaviour of PV cells.  
(a) (b) 
(c) (d) 
Fig. 4. (a) and (c). Vj maps of the SRM under EL 
with ISC bias; (b) and (d). Calculated local Rs
*
 with 
respect to changing Vterm of 3 sub-cells. 
4. Parameter extraction considering 
lateral resistances 
To extract to full parameter set with separated 
R∎, the method proposed here requires a 
sample without visible defects, which can be 
confirmed by EL measurements. The 
measurements involved are dark I-V and EL 
under different forward current bias levels. The 
algorithm firstly utilises a hybrid fitting method 
[12] to extract parameters Isat, n and Rsh from 
the dark I-V curve, and secondly searches the 
optimum Rs
i
-R∎ pair that generates the 
minimum relative mean-square deviation 
(RMSD) [13] between the simulated and 
measured EL images under various bias 
condition, as well as the dark I-V curve 
simultaneously. It is notable that the method is 
invalid to be directly applied to a shunted 
device because the electrical mismatch effects 
may significantly reshape the I-V 
characteristics and thus the global parameters 
extracted by the hybrid fitting algorithm can 
become a coarse approximation of the overall 
performance. The dark I-V is chosen to 
eliminate the possible effects of nonlinear Iph in 
e.g. a-Si devices, as discussed in [14]. The 
flowchart of the method is illustrated in Fig. 5. 
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 Fig. 5. Flowchart shows the new method for 
extracting the parameters for the full 2-D SRM. 
Eqn. (2) and (3) show the hybrid fitting 
algorithm and the correlation between the local 
junction voltage and the EL intensity. 
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  (3) 
Here, n and Rs are in a nonlinear space and 
are subject to changes through an iterative 
simplex algorithm. C is a calibration constant. 
The sample used for validation is a thin-film a-
Si module consisting of 9 cells connected in 
series. The EL measurements are taken at 
bias levels ISC, 0.6ISC and 0.2ISC respectively. 
The dark I-V of a cell is obtained by dividing 
the operating voltages the module by 9 while 
the corresponding operating current values 
remain unchanged. The size of a single cell is 
5.2×0.5cm
2
. A 208×20 meshing grid is 
configured for the 2-D fitting. The resolution of 
the original EL images is reduced down to 
208×20 by dividing each image into 5×5 pixel 
blocks and calculating the average. 
The extracted parameters using the proposed 
method are listed in  
Table 1. The dark I-V curve and the line-scan 
EL profiles generated by the optimum 
parameter set are highlighted in Fig. 6, and are 
compared with the original experiment data. 
The jitters are most likely due to the read out 
noise of the camera involved rather than the 
defects. The comparison demonstrates 
excellent agreement between the 
reconstructed cell behavior and the 
measurement results. 
 
Table 1.  
Extracted electrical parameters of the a-Si module 
Jsat (A/cm
2) 3.35×10-9 
Hybrid 
fitting 
n 3.82 
Γsh  (Ω.cm
2) 684.96 
Γs
i  (Ω.cm2) 2.0 
2-D fitting 
R∎ (Ω/⧠) 15.0 
 
  
(a) (b) 
Fig. 6. Fitting results show the excellent agreement 
between the simulated (a) dark I-V curve; (b) EL 
profiles and the measurements. 
5. Conclusions 
The lateral resistances can cause lateral 
voltage drops in the cell as well as the 
corresponding changes of the local current. 
The use of effective series resistances can 
cause misinterpretations of the behaviour of 
PV devices. The proposed fitting method can, 
for the first time, provide a full parameter set of 
2-D models for thin-film PV devices. 
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Fit the dark I-V curve,
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with respect to the Rs-R■ pairs
Determine the range of 
the Rs-R■ pair for the 2-D fitting
Fit dark I-V curve for Isat, n and Rsh
Fit the EL images,
calculate and sort the RMSDs
with respect to the Rs-R■ pairs
 
